Abstract In the framework of the relativistic mean field theory, the isovector scalar interaction is considered by exchanging δ meson to study the influence of δ meson on the cooling properties of neutron star matter. The calculation results show that with the inclusion of δ meson, the neutrino emissivity of the direct Urca processes increases, and thus enhances the cooling of neutron star matter. When strong proton superfluidity is considered, the theoretical cooling curves agree with the observed thermal radiation for isolated neutron stars.
Introduction
Compact stellar object studies provide us with new dimensions in understanding the nature and behavior of nuclear matter under extreme conditions. It is well known that neutron stars (NSs) constitute an ideal laboratory for studying dense matter physics, since they contain matter in one of the densest forms found in universe. These compact stars are the remnants of supernova explosions with an internal temperature as high as 10 11 ∼ 10 12 K, and drop to temperature about 10 10 K within minutes by emitting neutrinos [1] , then the star reaches a steady thermal state. It is widely accepted that NSs of age t ≤ 10 6 yrs cool down mainly via neutrino emission from their interiors and the older NSs cool down mainly via photon emission from the surfaces (see, e.g. [2] ). Historically, the primary cooling regulators include all important neutrino emission processes in the NS cores. They can be grouped into two categories: slow (for instance, modified Urca processes and neutrino bremsstrahlung in nucleon-nucleon scattering) and fast (direct Urca (dURCA) processes with nucleons and hyperons) neutrino processes. The most powerful enhancement of neutrino emission is provided by the dURCA processes with nucleons. It has been firstly pointed out by BOGUTA in 1981 [3] . And the corresponding neutrino emissivity depends sensitively on the composition and strong interactions in the NS cores. If the dURCA processes are allowed, the energymomentum conservation requires a large difference in the effective masses of protons and neutrons and the energy gap between them [4, 5] . Only isovector interactions can satisfy the requirements mentioned above. In this paper, apart from the isovector vecter interaction, the isovector scalar interaction is also considered. The coupling to the isovector scalar channel through the exchange of a virtual δ[a 0 (980)] meson has been stressed by many authors [6∼10] . These investigations indicated that the δ meson had definite contributions to isospin-asymmetric nuclear matter. NSs are charge neutral which make the stellar matter keep away from isospin-symmetric nuclear matter. So the analysis of the influence of the δ field in dense asymmetric matter should be extended to NS matter. If the proton fraction is changed when the NS includes the δ meson, then the cooling rate of NS may be affected through the neutrino emissivity due to the dURCA processes. It is well known that nucleons in the NS matter can be in superfluid state. By taking account of superfluidity (SF), the dURCA processes could be partially suppressed. The first systematic simulations of enhanced (by the dURCA processes) and partially suppressed cooling of NSs were made by PAGE and APPLEGATE in 1992 [11] . Afterwards, many authors have contributed a lot [1,2,12∼15] . The effects of nucleon SF are twofold: the neutrino emissivity and the specific heat are both sharply reduced below T c ( T c is the critical temperature for nucleon SF to take effect). Thus nucleon SF suppresses neutrino emission and halts the enhanced cooling because nucleon must be excited above the SF gap energy for taking part in the dURCA reactions.
In this work, we use the relativistic mean field theory (RMFT) including all the isoscalar (σ, w) and isovector (ρ, δ) fields with additional cubic and quartic nonlinearities of σ meson to describe the interaction. We employ the simplest NS model, assuming that NS cores consist of n, p, e and possibly µ (npeµ matter). The work mainly illustrates the effects of the δ meson on the dURCA processes in the superfluid NS cores. We focus on the proton SF with normal neutrons, our results with strong proton SF are compared with observational data. We ignore the neutron SF, because there may be no neutron SF or weak SF in the NS cores [2, 16] .
The models
The simplest dURCA processes consist of two successive reactions, beta decay and electron capture: n→ p+e+ῡ e and p+e → n+υ e , where υ e andῡ e are electron neutrino and antineutrino, respectively. The neutrino emissivity can be obtained by Fermi Golden Rule [17] . The specific expression of the energy loss Q per unit volume and time can be expressed as:
−49 erg · cm 3 is the weak-coupling constant, C V = 1 and C A = 1.26 are the vector and axial-vector constants, C=cos θ c = 0.973 is the Cabibbo factor. m * n and m * p are the effective masses of protons and neutrons, respectively. µ e is the chemical potential of electrons. Θ(x) = 1 if x ≥ 0 and zero otherwise. Namely, in the normal nuclear matter the dURCA processes are allowed only when the momentum conservation is satified,
and forbidden otherwise. Here, p Fn , p Fp , p Fe are the Fermi-momenta of neutron (n), proton (p), and electron (e). This happens if the baryon number density n B is sufficiently high (about a few times of the saturated nuclear matter density n 0 = 0.16 fm −3 ). The situation of muons is similar to that of electrons.
In the mean field approximation, baryons interaction is described by the exchange of σ, ω, ρ, δ mesons. The field equations for σ, ω, ρ mesons can be found in literature [18, 19] . The δ field equation reads
where
2 dk is the scalar density of baryon B. J B and I 3B denote the spin and isospin projections of baryon B. The baryon effective mass is given by
From Eq. (4) one can see that the difference in the effective masses of protons and neutrons is
If the isovector scalar interaction is not considered, there is no difference in the effective masses of protons and neutrons. The chemical potential is
In this way, the total emissivity (Q) could be changed for the appearance of δ meson.
Next we solve the heat-balance equation based on the approximation of isothermal interior,
Here, L υ and L γ are the total neutrino luminosity and photon luminosity, respectively. They are
Where C v = C n + C p R p + C e + C µ is the thermal capacity of the NS as a sum of the thermal capacities of neutrons, protons, electrons and muons in the stellar core. The factor R 0 describes the variation of the heat capacity by the proton SF. And R p is the required factor of neutrino emissivity by proton SF for the dURCA processes. In the normal NS matter, R 0 = R p = 1. For the proton SF state, the expressions of R 0 and R p can be seen in Ref. [15] . σ is the Stefan-Boltzmann constant. For the relation between interior temperature T and the surface temperature at infinity T S , we use the semiempirical expression of T S = e Φ (10T )
, where e Φ is the gravitational redshift, and e Φs is the value of e Φ at the stellar surface (r = R). This expression is bases on the isothermal core approximation, which is valid for a star of age t > 10 − 10 3 yr (e.g., Refs. [11, 12, 20] ). From Eq. (6) the cooling curves can be obtained.
Discussion
The properties of NSs are obtained with the parameter sets presented in Table 1 [7] . Using the parameter sets, we calculate the threshold densities of the dURCA processes and the corresponding masses of neutron stars. According to the triangle condition Eq. (2), the relative density (n = n B /n 0 ) range of the dURCA processes of electrons (dURCAe) and dURCA processes of muons (dURCAµ) can be obtained in npeµ matter, as presented in Table 2 . The neutrino emissivity Q as a function of the relative density n can be calculated for NS matter. As shown in Fig. 1 , the presence of δ meson makes the dURCA processes take place earlier. In Fig. 1 , one can see that the inclusion of the δ meson leads to a larger neutrino emissivity than that without the δ meson. This is because the δ field leads to the nucleon effective mass splitting, which improves the threshold condition of the neutrino emissivity. In this case, the proton fraction is much larger than that without the δ field. Fig. 2 shows the proton fraction as a function of the total relative baryon density n. The increment of Fig.1 The neutrino emissivity Q with (solid line) and without the δ meson (dashed line) as a function of the relative density n. The two emissivities are given in units T 6 9 erg cm −3 s −1 , where T9 = T /10 9 K. The range of curves is given in Table 2 Fig .2 The proton fraction YP = np/nB with (solid line) and without the δ meson (dashed line) as a function of the relative density n proton fraction results in an increment of the lepton fraction because of the charge neutrality and β-equilibrium conditions. Thus the momentum conservation is satisfied at lower density. Also, from Fig. 1 one can find that when dURCAµ processes occurs, Q first increases and reaches the maximums, and then decreases. The non-relativistic formula (2) indicates that with the increase of relative density the neutrino emissivity decreases.
With nucleon SF, the observations of NS cooling can be explained satisfactorily. The early investigations [2, 16] have suggested that the proton SF is rather strong and neutron SF is weak. In the present paper, the proton SF is considered and the neutron SF is neglected. The superfluid properties of NS matter are characterized by the relationship between the proton SF critical temperature T cp and the nuclear density n B . Although the microscopic calculations of T cp (n B ) give scattered results (see, e.g. [21∼24]), the critical temperature T cp as a function of density n B is still uncertain. In this work, we assumed density independent critical temperatures of proton SF, the onset of the proton SF is set at T cp = 2 × 10 9 K. We expect to see interesting δ effects on the NS evolution. We selects three groups of stars with different masses, each group has two stars which have the same masses and proton superfluid critical temperatures. By solving heat-blance equation Eq. (6), the cooling curves of NSs with proton SF are obtained, as shown in Fig. 3 . All curves were calculated assuming isothermal NS cores. With the same mass of star, the inclusion of the δ meson leads to more rapid cooling. The reason is that the neutrino emissivity with δ meson is larger than that without the δ meson (see Fig. 1 ). When the proton SF is absent, the NS cooling is greatly enhanced by the dURCA processes. At the strong proton SF state, the cooling becomes much slower. This is because in the case of strong proton SF, the heat capacity is small and the neutrino luminosity of the star core is strongly suppressed. Besides, no matter whether the δ meson is included or not, the cooling is faster with increasing NS mass. Many authors have concluded this phenomenon, that is, the highest cooling curve corresponds to a low-mass star and the lowest cooling curve to a high-mass star. Theoretical cooling curves are compared with the observations of surface thermal radiation of isolated NSs. Observational limits on surface temperatures T s and ages t of the two sources are described in YAKOVLEV et al [24] . They are PSR B0656+14 and PSR J1119-6127 [25, 26] . As seen from Fig. 3 , with the δ meson included the NSs cooling falls in the range of observation.
Conclusions
We have outlined the influence of the δ meson on the dURCA processes in the NS cooling. The isovectorscalar channel leads to the larger proton fraction and the difference in the effective masses of protons and neutrons which decreases the threshold density and increases the neutrino emissivity of the dURCA processes and further enhances the cooling rate of the star. Our calculations also show that with strong proton SF, the dURCA processes for nucleons can significantly suppress the NS cooling during the neutrino cooling epoch. And with increasing NS mass, the NS cooling becomes faster. The observations can be explained by assuming strong proton SF in the NS cores. 
